Lymphocytes from 14 BCG-vaccinated donors, seven tuberculin positive and seven tuberculin negative by skin testing, were stimulated in vitro with four mycobacterial antigens, purified protein derivative (PPD), PPD/BCG, whole BCG bacilli, and whole Mycobacterium leprae and also with Candida antigen and phytohemagglutinin. The response was measured by incorporation of 3H-labeled thymidine. The response to PPD, PPD/BCG, and BCG was found to correlate with the result of skin testing with turberculin. The turberculin-positive group also responded more strongly to M. leprae, whereas the two groups did not differ significantly in their response to Candida antigen or phytohemagglutinin. These findings indicate a certain degree of cross-reactivity between BCG and M. leprae. The use of the lymphocyte transformation test to measure antigenic cross-reactivity is discussed.
The clinical course of leprosy seems to be intimately related to the patient's cellmediated immune response against Mycobacterium leprae. The early skin reaction to lepromin (Fernandez reaction) reflects the individual's delayed hypersensitivity, whereas the late reaction (Mitsuda reaction) may represent a primary immune response to the lepromin itself (28) . A positive lepromin test does not necessarily indicate previous contact with M. leprae (22) . BCG vaccination may induce lepromin positivity (7, 8) , and exposure to other mycobacteria probably has a similar effect. Therefore, the lepromin test has not been very useful in diagnostic and epidemiological work in leprosy (21) .
More recently, the lymphocyte transformation test (LTT) has been introduced to measure delayed hypersensitivity against M. leprae (6, 11, 13). Godal et al. (10) claimed that their LTT showed a high degree of specificity and thus could be used for epidemiological purposes. In a group of 18 persons who had not previously worked with leprosy, and of whom at least 12 had been BCG vaccinated, the average response to BCG was 7.03% transformation compared with 0.51% to M. leprae.
The cross-reactivity between BCG and M. leprae is a matter of special concern because of the efforts to establish an effective immunoprophylaxis in leprosy. Still a matter of dispute due to the conflicting results in the Uganda (5) and Burma (3) trials, the effect of BCG vaccination in the prevention of leprosy awaits further clarification.
In the present investigation an attempt is made to use the LTT technique to study the antigenic cross-reactivity between BCG and M.
leprae. It compares the reaction of a group of healthy Norwegians to BCG and M. leprae in the LTT. Because BCG vaccination is obligatory in Norway, it was decided to perform the study on two groups of BCG-vaccinated subjects, one tuberculin positive and the other tuberculin negative, as defined by skin testing.
MATERIALS AND METHODS
Test subjects. Seven tuberculin-positive and seven tuberculin-negative individuals were included in the study. In the tuberculin-positive group the mean age was 25 .0 years (range, 20 Radioactive labeling. Tritiated thymidine with a specific activity of 2 Ci/mM was added to the cultures 16 to 18 h before harvesting. The resulting concentration of radioactivity was 2 uCi/ml of culture medium.
Harvesting of cultures. When the cultures were terminated, the trays were either harvested immediately or frozen and kept at -20 C for some days. By using a specially constructed harvesting device, the cultures were transferred by suction, six at a time, onto glass-fiber filters (Gelman type A, Gelman Instrument Co., Ann Arbor, Mich.) 45 mm in diameter. Each well was then washed through with distilled water to complete the transfer of cells to the filters. Subsequently each filter was washed with 20 to 25 ml of distilled water and finally with 5 to 10 ml of 96% ethanol. The filters were transferred to counting vials and dried at 60 C for 1 h.
Liquid scintillation counting. A 5-ml amount of toluene-based scintillator $5 g of 2,5-diphenyloxazole and 0. 15 
RESULTS
Lymphocytes from tuberculin-positive and tuberculin-negative subjects, hereafter referred to as positive and negative, respectively, were stimulated in vitro with four different concentrations of PPD tuberculin. As far as possible, lymphocytes from one positive and one negative donor were prepared on the same day. The results are shown in Fig. 1A . There was a statistically significant difference between the positive and negative groups at all four concentrations. However, the difference between the two groups became less when high concentrations (40,tg/ml} were used, because such high concentrations of PPD caused considerable stimulation in the negative group.
Tuberculin prepared from the BCG strain of M. tuberculosis bovis stimulated the cultures somewhat less than ordinary PPD tuberculin per microgram of protein (Fig. 1B) . Again, lymphocytes from positive subjects responded more strongly than lymphocytes from negative subjects. This difference was statistically significant in the dose range 0.4 to 40 ug/ml. At high concentrations (40 ,ug/ml) lymphocytes from negative individuals were stimulated less than by ordinary PPD.
As a third specific stimulant whole BCG bacilli were used (Fig. 2) . In the dose range 3 x 104 to 3 x 107 bacilli/culture, the degree of stimulation was only moderately influenced by the number of bacilli added. Optimal stimulation was obtained by adding 3 x 106 bacilli/culture, whereas an antigen dose 10 times higher uals were also exposed in vitro to leprosy bacilli.
The response to two different preparations of M.
leprae, ML2 and ML4, is shown in Fig. 3 . Again, the response was strongest in the positive group; with 106 bacilli added per culture the difference was statistically significant (P < 0.01).
The finding that lymphocytes from the posif tive group responded more strongly to M. leprae might be due to an increased responsiveness of 5 these cells to in vitro stimuli in general. Thereo fore, lymphocytes from all individuals of the two groups of donors were also exposed to phytohemagglutinin, which is a nonspecific stimulant, and to an extract from C. albicans, 0 which is a species without any known antigenic onz relationship to mycobacteria. It was found that caused depression of the response. All four doses of antigen induced a significantly higher response in the positive than in the negative group (P s 0.005). It was concluded from these experiments that lymphocytes from tuberculinpositive subjects responded more strongly than lymphocytes from tuberculin-negative subjects against all three mycobacterial antigens. Furthermore, when regarding lymphocyte cultures from separate donors the responses to these antigens were found to be closely correlated; e.g., between 3 x 106 BCG and 4.0 gg of PPD per ml, the correlation coefficient was 0.81.
Lymphocytes from the two groups of individ- The responses to M. leprae and BCG were compared quantitatively to obtain information on the cross-reactivity between these two mycobacteria in a system measuring cell-mediated immunity. Table 1 shows the increase in thymidine uptake by lymphocytes from tuberculinpositive donors after exposure to BCG and M. leprae. It is seen that the response to 106 M. leprae is between 9.4 and 47.8% of the response to 3 x 106 BCG, whereas it amounts to 23 to 89.2% of the response to 3 x 105 BCG. These data indicate that a certain cross-reactivity exists between M. Ieprae and BCG in the LTT.
However, the degree of antigenic similarity between the two mycobacteria is not easily assessed on the basis of such data.
The lymphocyte response to in vitro stimulation with antigen is known to be dose dependent; optimal stimulation is only achieved within a certain dose range and both higher and lower concentrations of antigen result in lower stimulation. If the LTT is used to quantitate crossreactivity, it is therefore important to use the antigens which are to be compared in equal concentrations. The difficulties which may arise when comparing the responses to antigens that are mixtures of several components are illustrated in Fig. 4 . In this figure the responses to equal protein concentrations of PPD and PPD/ BCG are compared. At 0.4 ,ug/ml the response to PPD/BCG was much weaker than the response to PPD, and the correlation coefficient was only 0. 16 (Fig. 4A) . At 4 jig/ml the two responses were more equal (b = 1.67) and nearly linearly correlated (r = 0.96) (Fig. 4B) , whereas at 40 Ag/ml the two responses correlated poorly (r = 0.36) (Fig. 4C) . Apparently the PPD preparation was more potent per microgram of protein: the response to 0.4 jig of PPD per ml was almost equal to the response to 4.0 Ag of PPD/ BCG per ml (b = 1.25; r = 0.98). The high correlation coefficient and the regression coefficient, being near to 1.0, indicate that the antigens that induce lymphocyte transformation are nearly identical in the two preparations. Figure 5 compares the response to BCG and M. leprae in the LTT. As expected the structural similarity between these two antigens appears to be less than between PPD and PPD/ BCG. The correlation coefficient is 0.59, which is statistically significant at the 5% level (23) , and the regression coefficient is 0.29.
DISCUSSION
Delayed skin reactions and lymphocyte stimulation in vitro both depend on the presence of sensitized lymphocytes in the circulation. A high degree of correlation is therefore expected between these two tests. There is, however, conflicting evidence on this point. Concerning tuberculin, which is a classic antigen in delayed hypersensitivity, some authors have been able to demonstrate good correlation between in vitro tests and skin testing (14, 15, 18) whereas others have found no such correlation (1, 16, 27) . These discrepancies may be due to variations in experimental technique, e.g., with regard to PPD concentrations used and timing of the measurements of lymphocyte reactivity (18) .
In the present study a clear correlation was found between the result of skin testing with tuberculin and the lymphocyte response in vitro against PPD, PPD/BCG, and whole BCG bacilli. It is important to note that in the in vitro system the difference between the tuberculinpositive and the tuberculin-negative groups was not the same at all concentrations of antigen. This was seen most clearly with PPD, which in high concentrations induced transformation in both groups, possibly due to nonspecific mitogenic activity of PPD (26) . The in vitro response to high doses of this antigen therefore was less clearly related to skin test responses than the response to lower doses. At optimal concentrations of antigen the separation of the responses in the two groups and the ratio between them was similar with all three antigens. When the responses to the three antigens were compared for each individual, a high degree of correlation was also found, indicating that the response is mainly directed against antigens which are present in all three preparations.
In tuberculosis the degree of systemic cellmediated immunity to tuberculin does not seem to correlate well with the degree of protection against infection. Individuals who are tuberculin negative after adequate BCG vaccination have obtained the same degree of protection against tuberculosis as those who become tuberculin positive (17) . It has been assumed that this indicates that PPD does not contain the most important antigens related to immunity against tuberculosis (9) . If our tuberculin-negative group has the same degree of protection against tuberculosis as the tuberculin-positive group, this is not revealed any better using whole BCG bacilli as the antigen.
At low antigen concentrations the potency of the three preparations was clearly different. The high efficiency of BCG as a stimulant in vitro may be due to the physical nature of the antigen; at low concentrations PPD bound to particles has been found to induce much stronger responses than soluble PPD (20) . Therefore, it was considered correct to use whole BCG bacilli as the reference antigen when evaluating the response to M. leprae.
Due to a more limited supply of antigen the dose response relationship for M. Ieprae could not be fully established. However, with the highest concentration of M. leprae the lymphocyte response was significantly higher in the tuberculin-positive than in the tuberculin-negative group. Furthermore, the response to phytohemagglutinin and Candida antigen was similar in both groups. The most probable explanation for these findings is that BCG vaccination has induced an immune response against antigens that are present both on BCG and on M.
leprae. It seems much less likely that the reaction to M. Ieprae is due to immunization with mycobacteria other than BCG, present in the environment. The lack of reaction in the negative group would then be explained by assuming that these individuals respond more weakly to mycobacterial antigens in general.
In serological systems extensive cross-reactions occur between various mycobacterial species (24) . Furthermore, antibodies against more than one-half of the BCG antigens detectable by crossed immunoelectrophoresis were found in sera from patients with lepromatous leprosy (2) . Several Some of the problems which may arise when LTT is used to evaluate cross-reactivity in complex systems have been illustrated with data concerning the two antigens PPD and PPD/BCG. In tuberculin, which is a mixture of several components, the concentration of substances which induce transformation cannot be determined by measuring the protein concentration. Thus, although the two tuberculins were used in the same protein concentrations, the PPD preparation was found to be a more potent in vitro stimulant than PPD/BCG. Similar variations in potency have been observed between different batches of the same PPD tuberculin (19) . When evaluated by skin testing 3 and 6 months after BCG vaccination, the reaction to PPD/BCG has been found to be somewhat less than the reaction to ordinary PPD, but otherwise the two parallel each other closely (25) . The present results accord well with these findings, provided comparison is based on the responses to 4.0 ,g/ml; at higher or lower concentrations the responses to the two tuberculins are less closely correlated (see Fig.  4 ).
When tested against lymphocytes from various donors, the responses to two antigens will parallel each other to the extent that the antigens are structurally related, and their relationship is reflected by the correlation coefficient and the regression coefficient. If the antigens are not pure substances but mixtures of several components present in unknown quantities, it is difficult to ensure that the stimulating dose s are commensurable. Since the correlation coefficient r is expected not to be influenced by antigen dose as long as both antigens induce specific stimulation, r appears to be a better estimator of cross-reactivity than the regression coefficient. However, apart from the fact that a high value of r may indicate that two antigens are identical, as in the case of PPD and PPD/BCG, the correlation coefficient does not allow direct quantification of cross-reactivity, and the antigenic similarity between BCG and M. leprae therefore cannot be quantified by correlating the LTT responses. Further progress in this field requires work with the relevant antigens in purified form.
